We present Print-and-Peel, a high-throughput method to generate multi-component biomolecular arrays with sub-100nm nanoscale feature width. An inkjet printer is first aligned to a parylene template containing nanoscale openings. After printing, the parylene is peeled off to reveal uniformly patterned nanoscale features, despite the imperfect morphologies of the original inkjet spots. We further patterned combinatorial nanoarrays by performing a second print-run superimposed over the first, thereby extending the multiplexing capability of the technique.
large area nanoarrays, and 5) the uniform patterning of the nanoscale features. However, the existing techniques suffer from various limitations that fall short of these ideals. While DPN is able to achieve nanoscale resolution down to 10s of nm for protein patterning,3 , 25 difficulties exist for massive parallel multiplexing because: i) inking the dip-pens using direct inkwells that would occupy 0.5m 2 for 55,000 pens, 26 and ii) the fragility and opacity of silicon-based pen tips make it difficult to align to inkwells. 27 An alternative strategy for multiplexed inking of dip-pens involves using inkjet printing to deliver inks to cantilevers spaced 90µm apart, before using the pens for patterning biological arrays; however mechanical hysteresis in the registration of the inkjet printer with the pens necessitates surface chemical treatments of the pens for correction. 28 Polymer pen lithography utilizing polymeric pen tips have been utilized to alleviate the problems associated with DPN, enabling patterning of features across several length scales covering a 1cm 2 area in 40 minutes, 20 and multiplexed protein nanopatterning using inkjet printing delivery of inks. 27 Although many replicate arrays can be rapidly generated by µCP, the patterned array feature sizes are limited and affected by the elastomeric polymer stamps that can deform with pressure, swell and shrink during stamp curing and inking. 22, 26 Additionally, it is challenging to perform alignment of elastomeric stamps to allow for patterning more than three different bio-components on the same array. 23 Finally, inkjet printing is easily scaleable to printing 1,000s of different components, and can rapidly generate replicate arrays with high throughput. However, the inkjet resolution is typically just 50-100µm, depending on the printing buffer composition, substrate hydrophilicity, and environmental humidity.
A key feature of any printing method to generate biomolecular arrays is the use of materials compatible with biological function. Parylene-C is a biocompatible polymer that has been widely used as a template for patterning biomolecular arrays with features >1µm, such as creating large area arrays of single-cells, proteins, nucleic acids, lipid bilayers, and cell cocultures. [29] [30] [31] [32] [33] [34] [35] The parylene templates are pinhole-free, chemically inert and do not swell in aqueous solutions, making them ideal for patterning large area, uniform arrays of biomolecules with superior pattern fidelity. Moreover it is possible to pattern biomolecular arrays using parylene in both dry and hydrated environments, the latter being important for preserving the conformation and functionality of the biomolecules.
In this study, we nanofabricated parylene templates with openings down to sub-100nm feature sizes and utilized these templates to pattern protein features with high pattern fidelity. The Print-and-Peel (PNP) approach is a straightforward nanopatterning approach that combines the high-throughput and scalability of inkjet printing with the simple and uniform patterning capability of parylene peel-off. Using our PNP approach, we could rapidly generate multicomponent nanoarrays of antibodies, thereby addressing the limitations of existing patterning methods. This was achieved through the consistent alignment of the inkjet printing on the fabricated parylene template, such that each printed spot optimally covered a set of nanoscopic openings in the parylene. After inkjet printing proteins, the parylene was easily peeled off to leave uniformly patterned arrays of nanoscale protein features, as shown in Figure 1 . An important extension of our aligned printing process is the ability to overlay spots with different biomolecular compositions onto one another to generate combinatorial nanoarrays of increasing complexity.
The fabrication process of the parylene template is outlined in Figure 1A . A thin layer of parylene-C from Uniglobe Kisco was conformally vapor coated onto a 4" oxidized silicon wafer (Specialty Coating Systems). Virtually any substrate that is vacuum compatible can be used, such as microscope slides, coverslips etc. Thereafter, an aluminum (Al) 15nm thin film was thermally evaporated on top of the parylene. Zeon ZEP-520 resist spun to a 100nm thickness on top of the Al, was baked at 90°C, and exposed by electron beam lithography (EBL) using the JEOL JBX-9300FS. The resist was then developed in n-amyl acetate for 45 seconds and rinsed for 30 seconds in methyl isobutyl ketone and 2-isopropanol. The patterns in the resist were transferred into the Al film using reactive ion etching with Cl 2 /BCl 3 /CF 4 chemistry in a PlasmaTherm 740 etcher. Finally, the nanoscale openings were transferred into the parylene using the patterned Al film as a hard etch mask and oxygen plasma reactive ion etching with the Oxford PlasmaLab 80+ etcher. The Al film was dissolved in MIF300 developer, leaving the parylene template on the wafer.
We were able to pattern nanoscale openings in the parylene template, down to sub-100nm dimension using our nanofabrication approach. This is the first demonstration of fabricating parylene templates with such fine resolution, which represents a novel lithographic process in several aspects. Firstly, the smallest opening size that we could pattern in parylene was limited by the parylene thickness and the accessibility of the oxygen plasma into the openings during etching. The ability to create nanoscale features in parylene is not obvious since previous work using parylene peel-off for biological patterning typically utilized parylene with thicknesses around 1µm or more,29 , 30 , 32 -35 which would inhibit the creation of sub-100nm openings in the parylene template. To effectively etch through nanoscale openings in the parylene, we found that the aspect ratio (depth:width) of the openings should not exceed 4:1 for plasma accessibility. Moreover, ultra-thin parylene coatings with thickness less than 200nm have been reported to display porous behavior that was tuned to control drug elution.36 Clearly there is a benefit to having the parylene be as thin as possible for the lithographic purpose of creating the smallest features, but at the same time the parylene must be thick enough to achieve its aim as a pin-hole free patterning template. We utilized parylene with a thickness of 400nm in our work, which we found to be non-porous and yet thin enough for our lithographic purpose. Secondly, our use of the 15nm Al etch mask was different from previous work involving parylene peel-off whereby photoresist was used as the etch mask.29 -33 Al was an ideal etch mask because it forms a stable oxide layer in the presence of oxygen and maintains etch anisotropy, which prevents lateral widening of the features during pattern transfer into parylene. This lateral widening can be insignificant during the fabrication of micrometer-sized openings in parylene with a photoresist etch mask, but inhibits the accurate reproduction of critical feature dimensions when creating nanometer-sized openings. The ultra-thin Al layer was important for reducing the Al etch time for pattern transfer, thus minimizing lateral widening during Al etch. However, the oxide layer prevented Al from being etched efficiently by the chlorine etch chemistry during the pattern transfer from the ZEP-520 resist layer into the Al film. We had to perform a breakthrough step at a high power of 450V to remove this oxide layer before the Al film could be etched through. This breakthrough step in turn removed the ZEP-520 resist at a faster rate. Thus, the limit of the smallest feature size we could fabricate in the parylene template was a function of the etch selectivity, anisotropy, and aspect ratio of the etching steps in the nanofabrication. The lithography used for fabricating the parylene templates is not limited to EBL, and could include other super high-resolution lithography such as nanoimprint lithography (NIL).37 NIL can potentially achieve lithographic resolution similar to EBL, but additionally pattern the same area with high throughput. We are currently exploring the use of NIL as an alternative lithographic method to imprint into the resist for the nanofabrication of our parylene templates.
We performed tapping mode AFM using a Digital Instruments 3100 system with a silicon TESP tip at scan speeds of 0.5-2Hz to characterize the nanoscale openings fabricated in the parylene template. The AFM images were post-analyzed using the WSxM v3.0 freeware from Nanotec Electronica. The full-width-at-half-maximum (FWHM) of the cross-sectional profile of a feature was reported as its width to minimize the effect of tip convolution. In Figure 2 , the AFM images of arrays of 90nm spots and 180nm lines showed that we could create nanoscopic openings of different shapes and sizes in the parylene template, due to our new fabrication process utilizing EBL and an Al hard etch mask. Furthermore, the parylene layer was observed to be non-porous, indicating that the 400nm parylene thickness was appropriate for an effective patterning template.
Next, we wanted to demonstrate the use of our nanofabricated parylene template to pattern nanoarrays of proteins with high fidelity. Fibronectin is a protein component of the ECM that interacts with integrins present on the surfaces of cells. We chose to pattern fibronectin as a model ECM protein because it is involved in many biological processes controlling cell fate and behavior. 7, 8, 15, 29 Human fibronectin from Sigma-Aldrich was dissolved in deionized water and diluted in phosphate buffered saline to 10 µg/mL. The diluted fibronectin was manually spotted onto the parylene template, incubated for 2 hours, and rinsed with water to remove excess unbound fibronectin. The parylene was peeled off with tweezers under water to define an array of nanoscale fibronectin features. The array was kept in hydrated conditions throughout the patterning to preserve the 3D conformation and functionality of the protein.
The AFM images taken of the fibronectin arrays in Figure 3 showed high fidelity patterns lines with 180 ± 13 nm widths and spots with 90 ± 18 nm diameters. We also performed a control experiment whereby buffer alone was incubated onto the parylene template. The control AFM images showed a smooth surface within the openings (data not shown), indicating that arrays of fibronectin were indeed patterned in Figure 3 . This is the first time that the parylene peeloff approach has been demonstrated for patterning arrays of nanoscale protein features. Because of the chemical inertness of parylene and its resistance to swelling in hydrated environments, the antibody features were replicated with high fidelity, nanoscale resolution. The cross-sectional height profile of the fibronectin features shows a relatively uniform height distribution of 4-5nm, comparable to another prior study. 38 We postulate that the apparent heterogeneity within each 90nm spot was due to fibronectin aggregates being adsorbed, since fibronectin has been reported to adopt a compact globular structure under low ionic strength. 38 In the future, reducing the feature size of patterned ECM proteins to nanoscale dimensions may help improve the resolution of studies in cell polarity and focal adhesion formation. 9, 39 We performed fluorescent immunostaining to further confirm the biological activity and presence of the patterned fibronectin features. Figure 4A shows a differential contrast microscopy image of the original parylene template with both microscopic and nanoscopic openings. The micrometer-sized number and line were used to help locate the 180nm nanoscale lines demarcated by the arrows. After parylene peel-off, rabbit anti-fibronectin antibody from Sigma-Aldrich and Alexa Fluor 488 conjugated goat anti-rabbit secondary antibody from Invitrogen were used to immunostain the fibronectin features following the manufacturers' protocols. Fluorescent features were observed in Figure 4B , indicating that we had successfully patterned fibronectin with high fidelity and also preserved the functionality of the protein. The 90nm spot openings and fluorescent features could not be visualized by optical microscopy because the feature size was drastically smaller than the diffraction limit. It was however possible to see the dim fluorescence of the 180nm lines demarcated by the arrows in Figure  4B .
We developed the PNP approach to take advantage of the high-throughput, multiplexing capabilities of inkjet printing with the nanopatterning ability of parylene peel-off. The right image in Figure 5A shows a bright field microscopy image of a portion of the fabricated parylene template. We utilized alignment marks -microscale crosses with line widths of 20µm and lengths of 100µm created in the parylene template -to help locate the positions of the nanoscale openings in the parylene using a high magnification microscope camera. We were able to achieve visual alignment accuracies down to 20µm, although this can be easily improved by using a camera with high magnification. The coordinates of the nanoscale features were calculated and used to program the inkjet arrayer for aligned printing of the antibodies spots onto the parylene openings. While we have used an inkjet printer, our PNP technique would also work for other printing technologies, such as quill-pin spotting and contact printing.
Various antibodies tagged with different fluorophores -Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 555 goat anti-rabbit IgG, and Alexa Fluor 647 goat anti-mouse IgG -were diluted in 1:100 v/v in 50% glycerol printing buffer. Each diluted antibody was loaded into a well in a 384-wells microplate and then printed with alignment using the Marathon Inkjet Microarrayer from Arrayjet. For simplifying the fluorescence colors, only three different fluorescent antibodies were used in our experiment, however 1,000s of different species can be loaded into several microplates and routinely printed as indicated in the inkjet printer specifications provided by the manufacturer. Each printed spot of antibody ~70-100µm covers a set of nanoscopic openings in the parylene template, as shown in Figure 5B . Three pre-assembled filter cubes from Chroma and Omega Optical were used to collect the fluorescence images, with each cube designed to image one specific fluorophore. The images collected from the three fluorescence channels were overlaid using ImageJ (National Institutes of Health). The final merged image was pseudo-colored -Alexa Fluor 488 (green), Alexa Fluor 555 (blue), and Alexa Fluor 647 (red) -to illustrate the different antibodies patterned.
As illustrated in Figure 5C , the parylene template was then mechanically peeled away to uniformly pattern multi-component antibodies arrays with different nanoscale feature shapes and sizes. Arrays of 600nm lines and 600nm spots of antibodies could be patterned, as shown in Figure 5C , despite inconsistencies in the original inkjet spot morphology and size. We demonstrate that our PNP process could be used to clean-up imperfect inkjet printed spots by transforming them into consistently defined features through the application of the parylene template. We note that this spot transformation is not limited to nanoscale features, and can also be used to pattern microscale features, provided that the original inkjet spot is larger than the openings in the parylene. Our simple alignment approach in the PNP process enables multiple species to be reproducibly patterned onto a surface, circumventing the problem of alignment issues associated with printing multiple components in µCP. Our PNP technology can extend the resolution of regular inkjet printing from micrometers to sub-micrometers, after a single straightforward peeling step to remove the parylene template. Furthermore PNP can be scaled up to print 1,000s of different components with a high throughput associated with standard microarrayers. The spacing between each set of patterned antibody features in our nanoarrays is currently limited by the 70-100µm diameter of the inkjet printed spot on our hydrophobic parylene surface. Based on this spacing, we calculated that over 20,000 different antibodies could be printed on a 1cm × 2cm chip area at maximum packing density. We are currently working to reduce this spacing to sub-micrometers and achieve an even higher packing density by utilizing a multilayer parylene template. 40 This work is the first demonstration where multiple proteins are arrayed on a single surface utilizing parylene peeloff, while previous work involving bath incubation of solutions onto the parylene template have been limited to patterning arrays containing at most two different proteins. 30 Antibodies arrays created using our PNP method could be used for immunoassays, molecular diagnostics, and cytokines screening.
Our aligned printing process allows us to dramatically extend the utility of these PNP arrays by offering a convenient alternative method to create nanoarrays of mixed proteins. We superimposed the printing of a second set of spots immediately on top of the first set, to create arrays with different combinations of antibodies per feature, as illustrated in the schematic in Figure 6A . The fluorescence images of the inkjet printed spots corresponding to the three fluorophores were collected and merged to yield a pseudo-color image in Figure 6B . Six different combinations of antibodies could be generated from an initial pool of three different antibodies. After parylene peel-off, arrays of 600nm diameter spots containing various combinations of antibodies were patterned in Figure 6C . These experiments show that we can potentially increase the combinations of biomolecules patterned by increasing the number of different types of antibodies in the initial pool, followed by overlaying more sets of spots per array feature. Although we have used purified proteins and antibodies for these experiments, any desired biomaterials ranging from nucleic acids to cells and cell lysates, can be printed in combination or by itself. Arraying different combinations of biomolecular components has been important in combinatorial screening of pharmaceutical compounds and responses of stem cells to various polymeric surfaces, signaling, growth or transfection cues. 16, 17, 41 The ability of our PNP technology to create combinatorial biomolecular nanoarrays with ease and high throughput will open up the opportunity to explore synergistic and antagonistic combinations of biomolecules in receptor-ligand interactions.
We further modified our PNP technique to covalently link smaller proteins to the oxidized silicon surface exposed in the parylene openings. While large proteins such as fibronectin (450kDa) and immunoglobulin antibodies (150kDa) can irreversibly adsorb to a surface, smaller proteins may desorb again from surfaces after adsorption, 42 necessitating covalent linkage. Following oxygen plasma etching of our parylene chips, we functionalized the oxidized silicon surfaces with 10% 3-aminopropyltriethoxysilane in anhydrous toluene for 1 hour, followed by rinsing in toluene, methanol, and water for 15 mins. The chips were then treated with 2.5% glutaraldehyde, a homobifunctional linker that would covalently cross-link amine groups on the silane and protein. The schematic in Figure 7A shows our method for this surface chemistry, which is modified from literature. 43 Small proteins, namely recombinant human interleukin-8 (IL-8, 8kDa, R&D sytems) and tissue growth factor alpha (TGF-α, 5.5kDa, Abcam) were inkjet printed onto the parylene chips at 1µM and incubated for 1 hour. Figure 7B shows an inkjet droplet containing IL-8 covering an array of nanoscale line features demarcated by the black arrow. The chips were blocked with 1% bovine serum albumin in phosphate buffered saline for 1 hour. Fluorescent immunostaining was performed using goat anti-IL-8 antibody (R&D systems) and mouse anti-TGF-α antibody (Abcam), and secondary fluorescent Alexa 647-conjugated donkey anti-mouse and Alexa 488-conjugated donkey antigoat antibody, following manufacturers' instructions. The fluorescent images in Figures 7C and 7D correspond to TGF-α and IL-8 patterned chips collected at the appropriate emission wavelengths respectively. Our results demonstrate that our PNP technique can be utilized for nanopatterning arrays of covalently bound proteins, as confirmed by fluorescence immunostaining using antibodies that specifically recognize IL-8 and TGF-α.
In conclusion, we have developed a PNP technology that is capable of producing nanoscale resolution, multi-component biomolecular arrays. These arrays can be rapidly produced in a large area format with high throughput using standard inkjet printers or microarrayers utilized in the PNP process. Uniform nanoscale array features can be patterned despite imperfections in the inkjet spot morphologies. The aligned printing process can be further extended to create combinatorial nanoarrays, as well as nanoarrays of covalently linked proteins. We anticipate that these multi-component biomolecular nanoarrays will be useful for high-resolution studies of subcellular biological processes and interactions, integrating biochemical functionalities with nanoscale sensors, and engineering cellular and tissue micro-and nanoenvironments. (a) Fabrication process of the parylene template and the PNP process to generate the protein nanoarrays. Schematic diagrams are not drawn to scale. (b) Mechanically peeling off the parylene template from a 4" wafer substrate. For the ease of illustration, the parylene peeling is shown in dry conditions, but the protein nanopatterning and parylene peeling were performed in aqueous environments that did not require drying. AFM images and the cross-sectional profiles of patterned fibronectin nanoarrays -(a) 180nm lines and (b) 90nm spots. The fibronectin patterns were replicated with high fidelity from the parylene templates. The cross-sectional profiles were taken from a span across four array features on each image, and the FWHM of each peak was measured as the feature width. The heights of the patterned fibronectin features were relatively uniform at 4-5nm. 
